The antiterminator RfaH is required for the expression of LPS, capsule, haemolysin, exotoxin, haemin uptake receptor and F pilus. As these structures are critical for bacterial virulence, loss of RfaH usually leads to attenuation. Here, we inactivated the rfaH gene of Yersinia enterocolitica O:3 to study its role in this enteropathogen. RNA sequencing of the WT and DrfaH strain transcriptomes revealed that RfaH acted as a highly specific regulator that enhanced the transcription of the operons involved in biosynthesis of LPS O-antigen and outer core (OC), but did not affect the expression of enterobacterial common antigen. Interestingly, the transcriptome of the DrfaH strain was very similar to that of an O-antigen-negative mutant. This indicated that some of the changes seen in the DrfaH strain, such as the genes involved in outer membrane homeostasis or in the stress-response-associated Cpx pathway, were actually due to indirect responses via the loss of O-antigen. The decreased amount of LPS on the DrfaH strain cell surface resulted in an attenuated stress response, and lower resistance to compounds such as SDS and polymyxin B. However, the DrfaH strain was significantly more resistant to complement-mediated killing by normal human serum. Taken together, our results revealed a novel role of RfaH acting as a highly specific regulator of O-antigen and OC of LPS in Y. enterocolitica O:3. It may be speculated that RfaH might have an in vivo role in controlling tissue-specific expression of bacterial surface oligo/polysaccharides.
INTRODUCTION
Yersinia enterocolitica is a Gram-negative rod-shaped bacterium that typically causes a self-limiting diarrhoeal disease sometimes followed by post-infectious reactive arthritis. One important virulence factor of this bacterium is LPS that covers *70 % of the bacterial surface. It consists of three structural components: distal O polysaccharide (O-antigen), core region and lipid A, which anchors LPS to the membrane (Muszyń ski et al., 2013) . The core region is divided into the inner core (IC) and outer core (OC). The O-antigen structures vary and form the basis of serotyping. In Y. enterocolitica serotype O:3, the OC and O-antigen biosynthetic genes are organized into two distinct gene clusters. The OC gene cluster of nine genes (wzx, wbcKLMNOPQ and gne) is located between the hemH and gsk genes . The O-antigen gene cluster consists of eight genes (wbbSTU, wzm, wzt and wbbYWX) (Skurnik & Bengoechea, 2003; Zhang et al., 1993) . In Gram-negative bacteria, virulence and resistance to antimicrobial compounds depend on LPS Biedzka-Sarek et al., 2005; Reinés et al., 2012) . In line with this, the O-antigen and OC are essential for full virulence of Y. enterocolitica O:3 and O:8, and loss of either of them leads to severe attenuation (Al-Hendy, 1992; Skurnik et al., 1999; Zhang et al., 1997) .
To successfully establish an infection, bacteria control their gene expression in a tight and complex manner. Use of transcriptional antiterminators enabling RNA polymerase to overcome intrinsic terminators and prevent polarity of long operons (Nagy et al., 2006) is one type of such regulation. An example is RfaH, a homologue of Escherichia coli NusG. Its name derives from the discovery that it positively regulates the rfa genes directing LPS biosynthesis (Lindberg & Hellerqvist, 1980) . RfaH recognizes and binds to the ops (operon polarity suppressor) sequence, an 8 bp conserved motif located in the promoter proximal 59-untranslated region of long operons (Bailey et al., 2000) that participate in the biosynthesis of LPS, capsule, haemolysin, exotoxins, haemin uptake receptors and F pilus. The rfaH gene and the ops sequence are conserved amongst gammaproteobacteria, and RfaH orthologues were able to complement an E. coli rfaH mutant, suggesting functional homology (Bailey et al., 1997; Carter et al., 2004) . Overproduction of RfaH, however, increased the production of capsular polysaccharide in E. coli K4 (Cimini et al., 2013) . Furthermore, in E. coli, RfaH and NusG are known to interact with the ribosomal protein S10 coupling transcription with translation (Burmann et al., 2010 (Burmann et al., , 2012 NandyMazumdar & Artsimovitch, 2015) . RfaH was also implicated in regulation on the post-transcriptional level by affecting the function of small RNA MicA (Moores et al., 2014) .
The rfaH deletion attenuates several different pathogens, such as Salmonella enterica serovar Typhimurium, and uropathogenic and avian pathogenic E. coli. In E. coli, deletion of rfaH results in downregulation of virulence factors such as LPS, K15 capsule, a-haemolysin and haemin receptor ChuA (Nagy et al., 2002) . Likewise, a Salmonella rfaH mutant having an aberrant cell wall structure grew poorly in epithelial cells and macrophages. RfaH not only affects the transcription of long operons, but also causes indirect changes due to the rough phenotype (Nagy et al., 2006) .
In this study, we examined the role of RfaH in Y. enterocolitica O:3 using the DrfaH strain and the spontaneous rough (O-antigen negative) mutant. Comparison of the DrfaH strain transcriptome and proteome with those of the WT and rough mutant bacteria allowed us to determine both the direct and indirect effects caused by the DrfaH mutation.
METHODS
Bacterial strains. The Y. enterocolitica O:3 WT strain 6471/76, its virulence-plasmid-cured derivative 6471/76-c and YeO3-c-R1, a rough derivative of 6471/76-c, were described previously Skurnik, 1984; Skurnik et al., 1995) . The strains YeO3-DrfaH, YeO3-c-DrfaH and YeO3-DrfaH/pTM100-rfaH were constructed in this work.
Growth conditions. Cultures were grown aerobically in lysogeny broth (LB) (Bertani, 2004 ) at either 37 uC or room temperature (referred to as 22uC throughout). Antibiotics were used when needed at the following concentrations: 100 mg spectinomycin ml 21 , 100 mg kanamycin ml 21 and 100 mg chloramphenicol ml
21
.
Construction of DrfaH and the complementation strains. The DrfaH knockout mutants were generated by insertional inactivation of the rfaH gene via homologous recombination of a suicide vector as depicted in Fig. S1 (available in the online Supplementary Material).
In brief, an internal 201 bp fragment of the rfaH gene was PCRamplified using Bam HI restriction site-containing primers rfaH-F and rfaH-R (Table S1 ). The Bam HI-digested PCR product was ligated to Bam HI-digested and shrimp alkaline phosphatase (SAP)-treated suicide vectors pSW23T and pSW25T (Demarre et al., 2005) . The suicide constructs obtained, pSW23T-rfaH and pSW25T-rfaH, were subsequently introduced to strains 6471/76 and 6471/76-c by conjugation to obtain strains YeO3-DrfaH and YeO3-c-DrfaH, respectively. The proper interruption of the rfaH gene by the suicide vector in the strains was confirmed by PCR.
To construct a plasmid carrying the WT rfaH gene for complementation experiments, the full rfaH gene with its promoter region was amplified by PCR using primers P-rfaH-F and C-rfaH-R (Table  S1) , and the fragment was ligated into Eco RV-digested and SAPtreated expression vector pTM100 (Michiels & Cornelis, 1991; Morales et al., 1991) to obtain plasmid pTM100-rfaH (Fig. S1 ). The presence of the correct insert was verified by PCR and sequencing. Subsequently, the plasmid was introduced to YeO3-DrfaH by mobilization.
Construction of pLux232oT promoter reporter plasmid. Plasmid pTM100 (Michiels & Cornelis, 1991) (source of oriR and the tetA gene) was digested with BsrBI and dephosphorylated by SAP treatment. Plasmid pTetlux1 (Korpela et al., 1998) (origin of the luxCDABE operon) was digested with EcoRI and treated with Klenow fragment (Thermo Scientific) in order to fill in recessed 39 termini of sticky ends generated by the enzyme. After phenol/chloroform extraction and ethanol precipitation, the pTM100-and pTetlux1-derived fragments were ligated and transformed into E. coli DH10B competent cells, and transformants selected on tetracycline plates. Single colonies were tested for bioluminescence using a Chameleon plate reader (Hidex). Restriction digestions were used to select a plasmid carrying the desired fragments in the correct orientation and one such plasmid was designated pKF1. A 390 bp BsaAI fragment upstream of the lux operon was removed by cut-back ligation to obtain plasmid pKF2. To replace the tetA gene by kanamycin resistance (Km R ), pKF2 was digested with BsaAI and Bam HI, and the 7.7 kb fragment including the lux operon and the oriR of pTM100 was purified from the gel using an E.Z.N.A. Gel Extraction kit (Omega Bio Tek). The fragment was ligated with Bam HI-digested Km R GenBlock (KmGB)-fragment amplified by PCR using pUC4K as template, and Km-GB66-f-B and Km-GB66-PSSr2 (to introduce PstI, StuI and SpeI sites for promoter cloning) as primers. The ligation mixture was electroporated into E. coli DH10B cells and luminescent transformants growing on kanamycin plates were analysed by Nru I digestion to confirm the correct insertion of the KmGB fragment into pKF2. The plasmid obtained was designated pHL1. To reduce the substantial amount of background light produced by promoterless pHL1, we cloned the double terminator of pKK232-8 vector (amplified using primers term-f-x and term-r-ssp) between KmGB and the lux operon, and the plasmid obtained was designated pHL2. We serendipitously noticed that the remaining background luminescence of pHL2 was completely lost in the derivative plasmid f37-Pg232. This plasmid contains an antisense promoter containing a 300 bp g231-g232 intergenic fragment of bacteriophage wR1-37 inserted into the promoter cloning site of pHL2 .
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We further improved the properties of f37-Pg232 by (i) removal of pTetlux1-and pTM100-derived EcoRI and Bam HI sites (digestion with the restriction enzyme followed by blunting the DNA with T4 DNA polymerase and self-ligation), (ii) introducing the same sites to the promoter cloning site (59-phosphorylated complementary oligonucleotides EcoStuBamPst-1 and EcoStuBamPst-2b were mixed, incubated at 95uC for 5 min and allowed to anneal by slowly cooling down to 22uC, after which it was ligated with PstI-digested and SAPtreated plasmid) and (iii) cloning the oriT of pTM100 (amplified from pTM100 using primers orit-F and orit-R) into the single NheI site of the plasmid to make the reporter plasmid easily mobilizable to different species. The final 9856 bp reporter construct was designated pLux232oT. Salient features of the pLux232oT promoter reporter plasmid are presented in the Fig. S2 .
Promoter reporter constructs. The promoter regions of the OC, enterobacterial common antigen (ECA), and O-antigen gene clusters (P OC , P ECA , P OP1 and P OP2 ) as well as of the hutU gene were amplified by PCR using the primers with flanking restriction sites ( Table S1 ). The PCR fragments were digested with appropriate enzymes, and ligated into the similarly digested and SAP-treated reporter vector pLux232oT. The correct introduction of inserts was confirmed by PCR. The promoter reporter vectors were subsequently introduced to the WT and YeO3-DrfaH strains.
Growth curves. Bacteria grown overnight (12-16 h) at 22uC were diluted into fresh LB medium to OD 600 0.2 and 200 ml aliquots were distributed into honeycomb plate wells (Growth Curves). The growth experiments were carried out at 4, 22, 37 and 42uC using a Bioscreen C incubator (Growth Curves) with continuous shaking. OD 600 was measured every 10 or 15 min. During the susceptibility test, LB was supplemented with 0.1 and 0.2 % SDS, 3.5 % sodium chloride or polymyxin B at a final concentration of 0.4 mg ml
21
. The means were calculated from absorbance values obtained for the bacteria grown in five parallel wells.
Isolation of LPS. LPS from the mutant strains and the WT counterparts was isolated using the modified protocol of Hitchcock & Brown (1983) as described previously (Pinta et al., 2012) . In brief, 0.5 ml overnight bacterial culture grown at 22uC was pelleted in a microcentrifuge (13 000 g; 3 min). The pellet was resuspended in deoxycholate (DOC) lysis buffer (2 % DOC, 4 % 2-mercaptoethanol, 10 % glycerol and 0.002 % bromophenol blue in 1 M Tris/HCl buffer, pH 6.8) in a volume adjusted according to the OD 600 (100 ml DOC lysis buffer per 1 OD 600 ). After a 10 min incubation at 100uC the samples were cooled, incubated overnight at 55uC with proteinase K (40 mg per sample) and stored at 220uC.
Detection of O-antigen in culture supernatants. Bacteria grown in 5 ml LB overnight at 22 or 37uC were pelleted and 50 ml supernatant was mixed with 50 ml DOC lysis buffer. The mixture was incubated 10 min at 100uC, cooled and incubated for 4 h at 55uC with proteinase K. Altogether 3, 6, 9 and 12 ml samples in 3 ml portions were spotted onto nitrocellulose membranes and left at 22uC to airdry. The membrane was blocked and incubated with the O-antigenspecific mAb TomA6 as described below for immunoblotting.
DOC-PAGE and immunoblotting. LPS was separated using 4 % stacking and 12 % separating DOC-PAGE as described previously (Krauss et al., 1988; Skurnik et al., 1995; Zhang & Skurnik, 1994) . After the run, the material was either visualized by silver staining (Al-Hendy et al., 1991b) or transferred for immunoblotting onto nitrocellulose membrane (Protran, pore size 0.45 mm; Whatman) using the semi-dry apparatus (Owl; Thermo Scientific) as described previously (BiedzkaSarek et al., 2005) . For dot-blotting, 5 ml aliquots of serial 1 : 2 dilutions of the LPS samples were applied directly to the membrane and left at 22uC to air-dry. Subsequently, the membrane was blocked in blocking buffer [5 % skimmed milk in TBST buffer (50 mM Tris/HCl, pH 7.6, 150 mM NaCl, 0.05 % Tween 20)] for 1 h at 22uC. The membrane with primary antibodies diluted in blocking buffer was incubated for 16 h at 4uC with gentle shaking. After washing three times with TBST, the membrane was incubated with suitable secondary antibodies for 1 h at 22uC. Subsequently, the membrane was washed in TBST as before and drained in ECL solution (0.1 M Tris/HCl pH 8.5, 1.25 mM luminol, 0.2 mM cumaric acid, 5.3 mM hydrogen peroxide) and exposed to light-sensitive film (Kodak).
Antibodies and antisera. Mouse mAb 898 specific for ECA recognizing ManpNAcA (Meier-Dieter et al., 1989) , as well as mAbs TomA6 and 2B5, specific for Y. enterocolitica O:3 LPS O-antigen and OC, respectively, were used to analyse LPS (Al-Hendy et al., 1991a; Pekkola-Heino et al., 1987; Pinta et al., 2012) . Peroxidase-conjugated anti-mouse antibodies (P0447; Dako Cytomation) were used as secondary antibodies in immunostaining.
Luminescence assay. The activities of the promoter cloned into the luciferase reporter plasmid pLux232oT were assessed using a Chameleon microplate reader (Hidex). Bacteria were grown in LB in black 96-well plates (PerkinElmer) in a total volume of 200 ml per well with continuous shaking. The luminescence emission was measured at different time points and the relative light unit (RLU) values were normalized using the OD 600 values of the cultures.
Bacteriophage sensitivity. Bacteria were grown overnight at either 22 or 37uC with vigorous shaking. Subsequently, 100 ml saturated culture was mixed with 3 ml 0.3 % soft agar (LB broth with 0.3 % agar) and poured over an LB plate. After solidification of soft agar, 5 ml drops of phage dilutions in LB broth were applied on the plate. The bacteria were considered sensitive to the phage tested if the clear lysis zones were visible under the droplets after 24 h of incubation. Two different Y. enterocolitica O:3-specific bacteriophages were used: the OC-specific wR1-37 (Skurnik, 1995) and the O-antigen-specific wYeO3-12 (Al-Hendy et al., 1991a; Pajunen et al., 2001) .
Total RNA extraction and RNA sequencing. The total RNA of bacteria grown at 22 or 37uC was isolated using a SV Total RNA Isolation System (Promega). The qualities of the isolated RNA, as well as the rRNA profiles, were determined using a Bioanalyzer (Agilent). For each strain and growth condition, two biological replicates were included. The RNA sequencing and preliminary data analysis were performed at the FIMM Technology Centre Sequencing Unit (https:// www.fimm.fi/en/services/technology-centre/sequencing). The rRNA was removed using a Ribo-Zero rRNA Removal kit for Gram-negative Bacteria (Epicentre). Paired-end sequencing was performed on an HISeq2000 sequencer (Illumina) with a read length of 90 nt. The obtained sequencing reads were filtered for quality and aligned against the Y. enterocolitica strain Y11 genome (GenBank accession number FR729477) using the TopHat read aligner (Langmead et al., 2009) . The Cufflinks program (Trapnell et al., 2013) was then used to obtain the fragments per kilobase of gene per million aligned fragments (FPKM) values for differential expression. Subsequently, the data were analysed using the edgeR differential expression analysis package (Robinson et al., 2010) . The RNA sequence data was deposited in the Gene Expression Omnibus (accession number GSE66516).
Quantitative proteomics. Bacteria were grown overnight at 22uC in 3 ml LB. Cultures were diluted 1 : 10 in fresh LB and incubated at either 22 or 37uC for another 4 h. The cells were then harvested by centrifugation at 3000 g, washed with sterile PBS and adjusted to 2.5|10 8 c.f.u. ml
. Subsequently 1 ml of each culture was pelleted, resuspended in lysis buffer (100 mM ammonium bicarbonate, 8 M urea, 0.1 % RapiGest), sonicated for 3 min (Branson Sonifier 450; pulsed mode 30 %, loading level 2) and stored at 270uC. Each sample was prepared in three parallels. Prior to digestion of proteins to peptides with trypsin, the proteins in the K. Leskinen and others samples were reduced with Tris(2-carboxyethyl)phosphine and alkylated with iodoacetamide. Tryptic peptide digests were purified by C18 reversed-phase chromatography columns (Varjosalo et al., 2013) and the MS analysis was performed on an Orbitrap Elite ETD mass spectrometer (Thermo Scientific), using Xcalibur version 2.7.1, coupled to an Thermo Scientific nLCII nanoflow HPLC system. Peak extraction and subsequent protein identification was achieved using Proteome Discoverer software (Thermo Scientific). Calibrated peak files were searched against the Y. enterocolitica O:3 proteins (Uniprot) by a SEQUEST search engine. Error tolerances on the precursor and fragment ions were +15 p.p.m. and +0.6 Da, respectively. For peptide identification, a stringent cut-off (0.5 % false discovery rate) was used. For label-free quantification, spectral counts for each protein in each sample were extracted and used in relative quantification of protein abundance changes.
Serum killing assay. Normal human serum (NHS) was obtained from healthy individuals lacking anti-Yersinia antibodies. The serum was prepared and the killing assay was performed as described previously (Biedzka-Sarek et al., 2005) . Briefly, bacterial cultures were diluted to obtain *1000 bacterial cells in 10 ml. Bacterial aliquots (10 ml) were incubated with 20 ml NHS, 20 ml heat-inactivated serum (HIS) or 20 ml EGTA serum (10 mM EGTA, 5 mM MgCl 2 ) for 30 min at 37uC. After the incubation period, the activity of complement was stopped by adding 70 ml ice-cold brain heart infusion broth to the tubes placed on ice and the mixtures were plated on LA plates supplemented with proper antibiotics. The bactericidal effect of the serum was calculated as the survival percentage taking the c.f.u. values obtained for bacteria incubated with HIS as 100 %. The experiment was performed in triplicates, starting from individual colonies. Two separate experiments were carried out on two separate occasions producing similar results.
Reverse transcriptase-quantitative PCR (RT-qPCR). Overnight cultures of Y. enterocolitica strains were diluted to OD 600 0.1 and grown at 22 or 37uC to OD 600 0.6 in LB broth. The bacterial total RNA was isolated as described above. The RNA was diluted to a final concentration of 25 ng ml 21 . RT-qPCR was performed using the GoTaq 1-Step RT-qPCR System (Promega) with the primers listed in Table S1 . The results were calculated using the unit mass method.
RESULTS
The rfaH gene is located in a monocistronic operon in the genome of Y. enterocolitica O:3. The gene was disrupted by intragenic insertion of the suicide vector as described in Methods and illustrated in Fig. S1 .
DrfaH mutation does not affect growth
To determine whether lack of RfaH affects the growth of Y. enterocolitica, the WT and the YeO3-DrfaH bacteria were cultured in LB at different growth temperatures (4, 22, 37 and 42 uC) until late stationary growth phase. The growth curves of the WT and YeO3-DrfaH bacteria were identical (data not shown) under all these conditions.
LPS O-antigen and OC production are RfaH-dependent
Both silver staining of the DOC-PAGE gel and immunoblotting analysis using the O-antigen-and OC-specific mAbs TomA6 and 2B5 revealed a significant decrease in the amount of both O-antigen and OC in the LPS of the YeO3-DrfaH strain at both 22 and 37uC (Fig. 1a-c, lanes  3 and 6) . However, the anti-ECA serum did not reveal any significant changes in the amount of ECA between the WT and mutant strains (Fig. 1d) . The significantly decreased expression of the O-antigen and OC was also shown in a dot-blot study where different dilutions of isolated LPS samples were spotted on the nitrocellulose membrane and subsequently detected using the specific antibodies (data not shown). The in trans complementation of the YeO3-DrfaH strain with the pTM100-rfaH plasmid (Fig. S1 ) restored fully the production, and actually resulted in slight overexpression of both the O-antigen and the OC (Fig. 1a-c, lanes 2 and 5) .
Furthermore, to study the possibility that the lack of O-antigen and OC could be due to shedding of the LPS from the surface of the YeO3-DrfaH bacteria we examined the presence of O-antigen in the supernatants of stationaryphase bacteria grown at 22 and 37 uC. Whilst we found no LPS in the supernatant of the YeO3-DrfaH strain (Fig. 2, lanes 3 and 6) , O-antigen could be detected from the supernatants of the WT and trans-complemented strains, and this was more pronounced for WT bacteria grown at 37 uC (Fig. 2, lane 4) . WT bacteria grown at 22 uC released very little LPS to medium (Fig. 2, lane 1) ; however, the overexpression of O-antigen in the transcomplemented strain (Fig. 1b, lane 2) was reflected in more LPS released to the medium at 22 uC (Fig. 2, lane  2) . We hypothesized that the temperature effect could be due to the type 3 secretion system (T3SS) carried by the Yersinia virulence plasmid pYV. Indeed, the pYV-negative strain 6471/76-c (YeO3-c) grown at 37 uC released negligible amounts of LPS to the supernatant (Fig. 2, lane 8) . The T3SS is activated at 37 uC in the absence and repressed in the presence of Ca 2+ , and indeed the bacteria grown in the presence of 3 mM Ca 2+ released less LPS to the medium (Fig. 2, lanes 7 and 9) .
The reduction of surface-expressed O-antigen and OC in YeO3-DrfaH bacteria was further reflected in bacteriophage wR1-37 and wYeO3-12 sensitivities. Higher titres of the phages were needed to lyse the YeO3-DrfaH bacteria when compared with the WT bacteria. Phage wR1-37 is specific for the OC hexasaccharide (Pinta et al., 2010; Skurnik et al., 1995) , whilst wYeO3-12 is specific for the O-antigen of Y. enterocolitica O:3 (Al-Hendy et al., 1991a; Pajunen et al., 2001) .
Transcriptomics
To assess the effects of DrfaH mutation on gene expression, RNA sequencing was carried out using the RNA extracted from the YeO3-DrfaH mutant and WT bacteria cultivated at both 22 and 37 uC. Additionally, to differentiate between genes affected directly by the DrfaH mutation and those affected by the rough (O-antigen negative) phenotype, the Y. enterocolitica O:3 strain YeO3-R1 missing the O-antigen was included in the RNA sequencing study.
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The edgeR differential expression analysis of the transcriptomic data of the YeO3-DrfaH and WT strains revealed differential expression of a total of 102 genes with at least 1.5-fold difference in log FC (log fold change difference for the counts between the analysed groups) (Robinson et al., 2010) with Pv0.001 (Table 1, Fig. 3 ). For bacteria grown at 22uC, altogether 77 (45 up-and 32 downregulated) differentially expressed genes were identified. At 37uC, however, 44 genes were differentially expressed (14 up-and 30 downregulated). The RNA sequencing data of YeO3-c-R1 was available only for bacteria grown at 22uC. Thus, the transcriptome comparison was performed between the YeO3-c-R1 and WT strains cultivated at 22uC. This comparison revealed that 22 of the 102 genes were similarly differentially expressed in both YeO3-DrfaH and YeO3-c-R1 (Table 1) .
Both the YeO3-DrfaH and YeO3-c-R1 strains presented strong downregulation of genes such as Y11_14731 encoding the Mg 2+ transport ATPase protein C, Y11_28711, encoding CpxP, the periplasmic inhibitor of the Cpx signalling pathway as well as Y11_29791, encoding the phosphate ABC transporter PstS (Table 1) . Interestingly, three genes located on different operons yet involved in the metabolism of sialic acid were differentially expressed. The sialic acid transporter (Y11_00601) and the sugar isomerase (Y11_00571) involved in the processing of exogenous sialic acid were downregulated, whilst the sialic acid utilization regulator from the RpiR family (Y11_25601) showed higher expression levels in YeO3-DrfaH when compared with the WT strain. The same alterations were also observed in the YeO3-c-R1 sample and thus were considered to be caused by the rough phenotype itself (Table 1) .
As strong phenotypic changes were seen in the LPS of the YeO3-DrfaH strain (Fig. 1) , it was of interest to study whether this was based on changes in transcription of the O-antigen and OC gene clusters. The data showed that the transcription of both gene clusters was downregulated up to 10-fold (log FC523.32), in agreement with previous findings. The genes identified by edgeR differential expression analysis are indicated by bold type in Table 1 . Fig. 4 shows that all the genes in both gene clusters were downregulated. The FPKM ratios for the O-antigen gene cluster were 0.1-0.2 to all genes, apart from wzm and wzt. The downregulation of the OC gene cluster was not as dramatic as that of the O-antigen gene cluster and the FPKM ratios were closer to 0.5 (Fig. 4) . It is worth mentioning that the most downregulated gene was gne encoding the UDP-N-acetylglucosamine-4-epimerase (EC 5.1.3.7) involved in the biosynthesis of UDP-N-acetylgalactosamine, lack of which efficiently prevents biosynthesis of OC (Bengoechea et al., 2002) . However, we again did not see any reduction in the transcription of genes directing the biosynthesis of ECA (Fig. 4) . In both the O-antigen and OC operons, the ops element is appropriately located within the operon promoter region, whilst this is not the case with the ECA gene cluster where the closest ops element is not appropriately located in the cis-acting upstream region (Fig. 4) .
Amongst the most upregulated genes in the YeO3-DrfaH strain grown at both 22 and 37uC, yet not in YeO3-c-R1, was the histidine utilization (hut) operon. Three genes coding for histidine transport protein (Y11_30731), histidine ammonia-lyase (Y11_30741) and urocanate hydratase (Y11_30751) showed over +2.6 log FC changes (Table S2) . However, the upregulation proved to be due to a point mutation in the hut operon promoter region and was not caused by the inactivation of the rfaH gene (see below).
The transcriptomics results were validated using RT-qPCR using newly isolated RNA. Eight differentially expressed genes, both down-and upregulated, were selected for the validation. The results presented in Table S3 corroborate the transcriptomics results fully and also demonstrate the in trans complementation of the DrfaH mutant.
Analysis of promoter activities
Promoter reporter strains were constructed to validate the influence of the DrfaH mutation on the three operons involved in LPS biosynthesis. The promoter regions of the operons were cloned into the pLux232oT vector, and subsequently introduced into both the YeO3-DrfaH and WT strains. The pLux232oT vector carries the luxCDABE operon that is of the same length as the three operons in question. The luminescence was measured after 1 h of incubation at both 22 and 37uC. The study revealed significant 3.5-and fivefold decreases in the O-antigen and OC, but not the ECA promoter, activities in the YeO3-DrfaH strain (Fig. 5) . These results were consistent with the transcriptomics results.
Proteomics
Altogether, 2065 proteins could be reliably identified in the proteomics study. Of these, 31 and 14 proteins showed twofold or greater difference in abundance with Pv0.05 in the YeO3-DrfaH strain when compared with the WT strain cultivated at 22 and 37uC, respectively (Tables S4 and  S5 ). In accordance with transcriptomic data, a significant decrease in the abundance of dTDP-4-dehydrorhamnose 3,5-epimerase (wbbV), which is involved in LPS biosynthesis, was observed under both conditions. In accordance with previous findings (Zhang et al., 2013) , the rough phenotype affected the structure of the cell membrane and this was visible in the abundance of differentially expressed membrane proteins (Fig. 3) . The putative outer membrane porin C protein (Y11_04441) and outer membrane lipoprotein carrier protein LolA (Y11_04011) were downregulated, whilst the putative transmembrane protein (Y11_17311) was upregulated. Finally, the proteins encoded in the hut operon were overexpressed.
Susceptibility to environmental stress
To test how changes in LPS structure caused by lack of RfaH affected the resistance to different environmental stresses, bacteria were cultivated in honeycomb plates for 24 h at 22uC. The growth was assessed based on OD 600 measurements using a Bioscreen C system. In accordance with previous findings, changes in the LPS led to decreased tolerance to SDS (Fig. 6a ) and polymyxin B (Fig. 6b) . However, no significant differences between the strains were observed for the susceptibility to an oxidative agent (H 2 O 2 ) or for osmotic stress (LB with 3.5 % NaCl) (data not shown).
We showed previously that LPS plays an indirect role in serum resistance (Biedzka-Sarek et al., 2005) . Survival of bacteria was analysed in NHS, where classical, lectin and alternative complement pathways are functional, and in EGTA/Mg 2+ -treated serum (only alternative pathway functional). The YeO3-DrfaH strain displayed a statistically significant (P50.048) increase in resistance to NHS (Fig.  6c) ; however, no significant difference was observed Fig. 3 . Summary of the functional categories of genes differentially expressed in YeO3-DrfaH compared with the WT strain. RNA sequencing analyses were done using edgeR, and genes were considered as differentially expressed if log FC . 1.5 and P , 0.001.For LC-MS/MS, proteins were considered to be differentially expressed if FC . 2 and P , 0.05. The breadth of the coloured area indicates the percentage of genes in a category where the length of the whole bar represents 100 %. In total, 102 genes were included for RNA sequencing and 43 proteins were included for LC-MS/MS. PG, peptidoglycan.
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between the strains in resistance to EGTA/Mg 2+ serum (data not shown).
hut operon overexpression
Both the transcriptomic and proteomic analyses indicated strong overexpression of the three genes of the histidine utilization operon (Tables 1, S3 and S4). The four enzymes required to break L-histidine to ammonia, L-glutamate and formamide are encoded in two operons. The operons are inhibited by the repressor HutC and induced by urocanate derived from exogenous histidine (Parada & Magasanik, 1975) . Certain hutC mutations cause constitutive expression of the four enzymes, whilst point mutations in the hutR site adjacent the hutU promoter cause overexpression of hutU, hutH and the histidine transporter (Brill & Magasanik, 1969) . In YeO3-DrfaH, the hut operon genes were overexpressed both in transcriptomic and proteomic analyses. The previously described flhDC-mediated regulation of the hut operon of Y. enterocolitica (Kapatral et al., 2004) was excluded as expression of FlhD/FlhC in transcriptomic analysis was unchanged. However, the RNA sequencing data revealed a point mutation (TRC) in YeO3-DrfaH at the hutR site (Fig. S3) . The HutC repressor is likely to target the conserved promoter region and a point mutation could impair the repressor binding site.
To test this scenario experimentally, hutU promoter fragments with and without the point mutation were cloned into pLux232oT, and the obtained reporter plasmids pLux232oT-hutU(RBE) and pLux232oT-hutU(wt), respectively, were introduced both to the WT and YeO3-DrfaH strains. In both strains the point mutant promoter was w10-fold stronger than the WT promoter (Fig. S3) . This indicated that overexpression of the hut genes was due to a spontaneous point mutation, not due to loss of RfaH. 
DISCUSSION
We have demonstrated that RfaH is a functional antiterminator in Y. enterocolitica O:3, and regulates specifically the LPS O-antigen and OC gene clusters. Lack of RfaH caused downregulation of these w10 kb gene clusters harbouring the ops element located appropriately in the cis-regulating promoter region (Bailey et al., 2000) . RNA sequencing revealed that the gene expression profiles of YeO3-DrfaH and WT strains are very similar, indicating a narrow specificity for the regulator. Even though the Y. enterocolitica genome contains w10 candidate ops elements, they apparently do not recruit RfaH as expression of the adjacent genes was not changed in the YeO3-DrfaH strain. One of these was the ECA gene cluster where the ops element is located far upstream from the ECA promoter (Fig. 4) . Furthermore, we identified RfaH-dependent changes in the transcriptomic and proteomic profiles that were indirect responses to the rough phenotype of the YeO3-DrfaH strain. Comparison of the transcriptomes of the WT and the rough YeO3-c-R1 strains revealed a strong response to the rough phenotype itself. Alterations in LPS biosynthesis may result in different biological perturbations, such as (i) accumulation of cell envelope components, (ii) impaired assembly and function of membrane proteins, and (iii) activation of stress response pathways causing inhibition of growth (Zhang et al., 2013) . Although no growth impairment was observed, proteomic and transcriptomic analyses indicated that the rough phenotype led to changes in the Cpx envelope stress system. This system responds to a broad range of stimuli related to perturbations in the bacterial cell envelope, including salts, metals, pH, lipids and misfolded proteins. The fact that both the YeO3-DrfaH and YeO3-c-R1 strains showed significant downregulation of the periplasmic repressor CpxP and higher levels of the CpxR protein indicated that bacteria respond to changes in cell wall integrity (Hunke et al., 2012; Vogt & Raivio, 2012) . Overall, our data did not indicate massive alterations in the expression of membrane proteins, and transcriptomics and quantitative proteomics do not allow us to draw any conclusions about the state of the proteins. Thus, accumulation of mistargeted or misfolded outer membrane proteins in the cytoplasm or periplasm could not be detected and excluded. In any case, our study revealed a decrease in the amount of transporters in the YeO3-DrfaH strain, especially Mg 2+ transport ATPase proteins, sialic acid permease and phosphate ABC transporter (Table 1 ). This was noticed for both the YeO3-DrfaH and YeO3-c-R1 strains, indicating, as Nagy et al. (2006) suggested, that it might be an adjustment in response to decreased LPS production and consequential reduced demand for sugars and energy.
We demonstrated previously that both O-antigen and OC are essential for full virulence of Y. enterocolitica serotype O:3 (AlHendy, 1992; Skurnik et al., 1999) , and O-antigen for serotype O:8 (Zhang et al., 1997) . In mouse experiments, the oral LD 50 of the LPS mutants decreased 50-to 100-fold (Al-Hendy, 1992; Skurnik et al., 1999; Zhang et al., 1997) . The O-antigen of this pathogen plays a crucial role in the early stages of infection, and confers resistance to the environment of the gastrointestinal tract and to immune system evasion (Al-Hendy, 1992; Biedzka-Sarek et al., 2005) . Related to this, Nagy et al. (2006) reported that the Y. enterocolitica serotype O:8 rfaH mutant showed decreased intracellular growth in human intestinal epithelial and mouse macrophage cell lines. Biedzka-Sarek et al. (2005) showed that, in contrast to the role of LPS in serum resistance of other pathogens, lack of O-antigen in Y. enterocolitica O:3 actually led to increased resistance to NHS. We obtained similar results here, indicating a slight but significant increase in the resistance of the YeO3-DrfaH strain to NHS killing. As there were no alterations in the expression of YadA or Ail in the YeO3-DrfaH strain, we believe that the stripped LPS structure increased the resistance by better exposure of these surface complement resistance factors. ΔrfaH (Ctrl) ΔrfaH (0.1% SDS) ΔrfaH (0.2% SDS) Fig. 6 . Effect of environmental stresses on the DrfaH mutant. Growth curves of the WT and DrfaH strains in the presence of (a) 0.1 and 0.2 % SDS, and (b) 0.4 mg polymyxin B ml 21 . Each point represents the mean¡SD (mostly covered by the symbol) of five replicates. Ctrl, control. (c) Moreover, the DrfaH mutant is more serum resistant than the WT strain. The bacteria were grown to stationary phase at 37 8C, and then incubated for 30 min in 66 % NHS and HIS. The columns show the mean¡SD serum bactericidal effect that was calculated as the survival percentage taking the bacterial counts obtained with bacteria incubated in HIS as 100 %. The experiments were performed in triplicate.
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In agreement with previous reports with Y. enterocolitica O:3 (Skurnik et al., 1999) , and similar findings with E. coli and S. enterica (Nagy et al., 2006; Yethon et al., 2000) , reduction of O-antigen and OC expression in Y. enterocolitica led to decreased resistance to SDS and polymyxin B, which mimic the effects of mammalian antimicrobial substances. Furthermore, in accordance with previous findings, no impairment in resistance to oxidative stress elicited by H 2 O 2 was observed (Nagy et al., 2006; Yethon et al., 2000) .
Whilst a rough Y. enterocolitica O:8 mutant exhibited alterations in YadA function, downregulation of inv and ail, and hypermotility due to upregulation of flhDC (Bengoechea et al., 2004) , no such changes were observed in the YeO3-DrfaH strain. These discrepancies may be explained by differences between the serotypes. Differences in motility and flagellation between serotypes O:8 and O:3 were described previously (Uliczka et al., 2011) . In addition, the fact that the DrfaH mutation did not cause complete abrogation of O-antigen and OC production, leaving some full-length LPS on the bacteria, could result in a less severe phenotype than that of a rough mutant.
We believe that RfaH, via its high specificity to the LPS operons, plays an important role in the physiology of Y. enterocolitica O:3. Decreased amounts of LPS O-antigen and OC on the cell surface result in a stress response and lower resistance to some environmental cues. Furthermore, it may be speculated that RfaH might have an in vivo regulatory role in controlling tissue-specific expression of bacterial surface oligo/polysaccharides.
